Research in contextEvidence before this studyDengue virus infection, transmitted by mosquitos, rapidly increases due to global climate warming and international travelling, and causes suffering and consumes health care resources. A subset of patients, e.g. adults exposed to second infection or being older than 65 years, and infants born by dengue-immune mothers, experience a life-threatening condition including exacerbated inflammation and vascular hyper-permeability. The viral protein NS1 plays a crucial role in these biological outcomes. No suitable animal model exists that recapitulate the human immune-pathological events involved in severe dengue, and there is no effective and safe dengue vaccine. Thus, early biomarkers that can predict severe dengue disease are lacking, and the mechanisms involved in the vascular hyper-permeability have not been elucidated.Added value of this studyWe have studied a large cohort of dengue virus infected patients (Taiwan outbreaks 2014, 2015), and have shown that high circulating NS1 levels, indicative of disease severity, correlate with high concentration of serum hyaluronan. Moreover, hyaluronan levels higher than 70 ng/ml during early infection, was found to be an independent predictor for occurrence of warning signs and thus risk of severe dengue fever. The NS1-induced increase in the levels of polydisperse hyaluronan and its altered organization, together with suppression of its receptor CD44, were found to be accompanied by perturbed endothelial intercellular junctions, including alterations of actin filaments and VE-cadherin and increased paracellular gaps, and enhanced vascular permeability.ImpactOur findings provide physicians with a useful tool to identify patients at risk and in need of hospitalization. Moreover our findings suggest a mechanism for the increased vascular permeability in severe dengue, and identify hyaluronan-CD44 signaling as a possible target for therapy to alleviate vascular leakage during dengue virus infection.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

The glycosaminoglycan hyaluronan is present in virtually all tissues in the body, and plays key roles in regulation of tissue homeostasis, including vascular integrity \[[@bb0005], [@bb0010], [@bb0015], [@bb0020]\]. An aberrant accumulation of hyaluronan occurs in inflammation/infection and cancer, conditions where a plethora of growth factors, cytokines and chemokines are released \[[@bb0025],[@bb0030]\]. Hyaluronan induces signaling through its interactions with cell surface hyaluronan receptors, including CD44 and RHAMM \[[@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050]\], resulting in altered cell adhesion, migration and proliferation. The dysregulated synthesis and turnover of hyaluronan in disease is mediated by synthetic (HAS1, HAS2, HAS3) and catabolic (HYAL1,2 and the KIAA1199 homolog TMEM2) enzymes, which are regulated in response to growth factors and cytokines, as well as bacterial and viral infections \[[@bb0025]\]. The newly synthesized hyaluronan is extruded through the plasma membrane for assembly into pericellular or extracellular matrices \[[@bb0055],[@bb0060]\].

Hyaluronan is turned over rapidly by internalization via CD44 expressed by stromal cells and macrophages, and via the hyaluronan receptor LYVE1 in lymphatic endothelial cells \[[@bb0065], [@bb0070], [@bb0075], [@bb0080]\]. The hyaluronan levels in the serum of middle-aged persons is normally 30--40 ng/ml, but increases during certain pathological conditions \[[@bb0075],[@bb0085]\]. In inflamed tissues, the amount of hyaluronan increases as a result of altered biosynthesis, degradation and/or capacity for uptake locally and in lymph nodes, liver and kidneys \[[@bb0065]\], leading to enhanced release of hyaluronan into the general circulation. In blood vessels, some of the hyaluronan is incorporated in the endothelial glycocalyx layer primarily consisting of proteoglycans, glycoproteins and glycosaminoglycans, including hyaluronan which weaves into the glycocalyx interacting with CD44 in caveolae microdomains on the luminal side of the endothelium \[[@bb0005],[@bb0090],[@bb0095]\]. Caveolae microdomains are a special type of lipid rafts where hyaluronan-CD44 signaling takes place affecting actin regulation and contacts between endothelial cells by modulating the expression and distribution of intercellular junction proteins, such as VE-cadherin \[[@bb0005]\].

In vascular tissues, hyaluronan affects smooth muscle cell proliferation \[[@bb0100],[@bb0105]\], endothelial cell differentiation \[[@bb0110], [@bb0115], [@bb0120]\] and immune cell function \[[@bb0030],[@bb0125],[@bb0130]\]. Thus, hyaluronan has an important role in the regulation of vascular integrity, and its shedding from endothelial glycocalyx correlates to impaired vascular integrity during injury \[[@bb0135],[@bb0140]\]. In addition to the glycocalyx layer, the endothelial integrity is controlled by endothelial cell-cell junctions (paracellular pathway) and by vesicular transport structures (transcellular pathway) \[[@bb0145],[@bb0150]\].

The rapid spreading of dengue virus infections has become a public health concern, and about 50% of the world\'s population is now at risk of infection \[[@bb0155]\]. Dengue is a vector-borne virus that is transmitted to human host by mosquito skin bites. Clinically, dengue infection is characterized by febrile, critical and recovery phases. Moreover, the disease is characterized by vascular leakage and sometimes a severe life-threatening bleeding that has been linked to exacerbated immune cell activation \[[@bb0160], [@bb0165], [@bb0170]\]. High levels of the dengue nonstructural protein 1 (NS1) in the circulation, induces release of inflammatory cytokines from infected monocytes and T cells via binding to Toll-like receptor 4 (TLR4) receptors, promoting vascular leakage \[[@bb0160],[@bb0175], [@bb0180], [@bb0185], [@bb0190]\]. NS1 affects the integrity of endothelial cell monolayers by disruption of components in the endothelial glycocalyx layer \[[@bb0180],[@bb0195]\]. However, the molecular and immunological mechanisms underlying the role of NS1 in the pathogenesis of severe dengue infection are not well understood \[[@bb0165]\].

In this study, we report that high serum hyaluronan levels can serve as a biomarker to predict occurrence of warning signs during the course of dengue virus infection, helping clinicians to make a decision whether hospitalization of patients is needed. Moreover, we present a possible mechanism whereby NS1-induced hyaluronan production is involved in vascular leakage.

2. Materials and methods {#s0025}
========================

2.1. Ethics statement and patients´ enrollment {#s0030}
----------------------------------------------

The human study protocol was approved by the Institutional Review Board (IRB) of Kaohsiung Medical University Hospital (IRB Number: KMUH-IRB-20110451). Informed consent was obtained from all subjects. There were outbreaks of dengue in Taiwan August 2014 to January 2015, and August 2015 to January 2016 \[[@bb0200],[@bb0205]\]. Patients (≥20 years) were prospectively enrolled, and their blood samples were provided on the first day of hospital visit, as well as three and seven days later, if the patient was still in the hospital and agreed to provide more samples. The time of symptoms onset for each patient was recorded immediately after enrollment to minimize recalling bias. All patients in the group had dengue fever, and all methods used in the evaluation and management of the patients were according to the criteria defined by the 2009 World Health Organization (WHO) guidelines. Patients\' demographic information, pre-existing diseases, clinical manifestations and laboratory data, were collected by standardized data collection forms. Hematology and biochemistry tests were performed at the Department of Laboratory Medicine of Kaohsiung Medical University Hospital.

Patients who only provided single samples were excluded. During the same periods, we also enrolled patients who had microbiologically confirmed gram-negative bacilli (GNB) and gram-positive cocci (GPC) bacteremia. Patients diagnosed as influenza A virus (Flu A) infection by positive results of their nasopharyngeal swab specimens using Alere BinaxNOW Influenza A&B Card (Alere Scarborough, Maine, USA), were also enrolled for comparison.

Some of the patients suffered from chronic kidney disease stages 3, 4, or 5, i.e. patients who had an estimated glomerular filtration rate (eGFR) of \<60 ml/min per 1.73 m^2^ at hospital visit \[[@bb0210]\]. Twenty adult healthy persons, who came to the hospital for their routine health examination, were enrolled as control group.

2.2. Diagnosis of dengue virus infection {#s0035}
----------------------------------------

All the laboratory diagnostic methods for dengue virus infection were performed at the Center for Disease Control (CDC), Department of Health, Taiwan. Laboratory-confirmed dengue patients meant that the patient had at least one positive result from a NS1 Ag STRIP (Bio-Rad Laboratories, Marnes-la-Coquette, France) or a real-time reverse transcription polymerase chain reaction (real-time RT-PCR) using patients\' serum \[[@bb0205], [@bb0210], [@bb0215]\]. Further serotyping using real-time RT-PCR of nonstructural protein genes were analyzed by detection with serotype-specific primers and probes (Table S2). In brief, the viral RNA was extracted using Viral RNA mini kit (Qiagen, Cat. No. 52906, Chatsworth, CA, USA), treated with RQ1 RNase-free DNase I and reverse transcribed using PrimeScript reagent kit (TaKaRa, Cat. No. RR037A, Kyoto, Japan), according to the manufacturer\'s instructions. The resulting cDNA was evaluated for dengue viral serotypes by real time RT-PCR (Applied Biosystems, 7500, Foster, USA).

We identified anti-dengue IgG and IgM antibodies in laboratory-confirmed dengue patient\'s serum. Qualitative measurement of human anti-dengue IgG and IgM antibodies were performed by an ELISA according to the manufacturer\'s instruction (Abcam, ab108728, and ab108729, Bristol, United Kingdom). Following the WHO 2009 guidelines, primary and secondary dengue infections were distinguished based on the IgG/IgM antibody ratios. Dengue infection was defined as primary if the IgG/IgM ratio was \<1.4 (patient\'s sera at 1/20 dilutions), and secondary if the ratio was \>1.4. The laboratory-confirmed cases with samples that were negative in the IgG capture ELISA assay during the febrile phase (within 3 days of illness) were also classified as primary cases, regardless of the IgG/IgM ratio \[[@bb0215]\].

2.3. Clinical definitions {#s0040}
-------------------------

According to the revised 2009 World Health Organization (WHO) guidelines, dengue infected symptomatic patients can be categorized into three levels of severity: dengue without warning signs (dengue WS-negative), dengue with warning signs (dengue WS-positive) and severe dengue (Fig. S1 a). Dengue patients with warning signs require strict observation and medical intervention.

Patients were evaluated daily within the hospital according to the symptoms of severity as listed in the WHO 2009 guidelines, i.e. \[[@bb0005]\] abdominal pain or tenderness; \[[@bb0010]\] persistent vomiting; \[[@bb0015]\] clinical fluid accumulation; \[[@bb0020]\] mucosal bleeding; \[[@bb0025]\] lethargy or restlessness; \[[@bb0030]\] liver enlargement \>2 cm; \[[@bb0035]\] increase in hematocrit concurrent with rapid decrease in platelet count. For each patient it was determined whether WS developed (≥1 of these 7 symptoms and signs) or not. Clinical fluid accumulations (including pleural effusion and ascites) were confirmed by ultrasound examination. Patients were followed until their recovery or discharge from the hospital (including discharge due to death). If WS developed at any time during the illnesses, the patients were considered to be in the WS-positive group, otherwise, they were considered to be in the WS-negative group. WS-positive patients who never got severe dengue throughout the illnesses were defined as "moderate cases". In order to compare patients without and with WS and minimize the confounding effects of patient management, we excluded patients who did not visit the hospital to receive treatment within three days after their symptoms onset in the further analysis. This step made sure that patients for further analyses were evaluated, treated, and followed up by the recommendations based on the WHO 2009 guidelines.

2.4. Detection of plasma cytokine and NS1 levels {#s0045}
------------------------------------------------

The plasma levels of several cytokines and growth factors were measured by commercial kits (eBioscience, San Diego, CA, USA), including IL-6 (Cat. No. 88--7066-88), IL-8 (Cat. No. 88--8086-88), IL-10 (Cat. No. 88--7106-88), TNF-α (Cat. No. 88--7346-88), MCP-1 (Cat. No. 88--7399-88), and TGFβ1 (Cat. No. 88--8350-22). In part of patients, the plasma NS1 levels were also measured by using a commercial kit (Arigo Biolaboratories, Nashua, NH, USA, Cat. No. ARG81357).

2.5. Cell culture {#s0050}
-----------------

Human dermal fibroblast cultures were established from patients, after approval, undergoing breast reduction surgery (Plastic Surgery Department, University Hospital, Uppsala, Sweden), as described \[[@bb0220]\], and used between passages 6--10. Cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma-Aldrich, Cat. No. D5796, St. Louis, MO, USA) containing 10% or 0.5% (under starvation) fetal bovine serum (FBS; Biowest, Biotech-IgG AB, Sweden).

Human telomerase-immortalized microvascular endothelial (TIME) cells were generously provided by Dr. Martin McMahon (University of California, San Fransisco, USA) \[[@bb0225]\]. The cells were cultured in endothelial growth medium (EBM-2, PromoCell, Cat. No. C-22221, Heidelberg, Germany), supplemented with 5% or 2% (under starvation) fetal calf serum (FCS), 5 ng/ml epidermal growth factor, 0.5 ng/ml vascular endothelial growth factor, 10 ng/ml fibroblast growth factor, 20 ng/ml insulin-like growth factor, 1 μg/ml ascorbic acid and 0.2 μg/ml hydrocortisone, and used between passages 18 and 30. Under proliferative conditions, TIME cells were grown at 37 °C in 5% CO~2~ on plastic dishes, and under differentiating conditions cells were grown on Matrigel (13.5 mg/ml; Corning, Cat. No. 356231, Bedford, MA, USA) forming vessel-like structures. Both fibroblasts and endothelial TIME cells were free from mycoplasma contamination.

Human THP-1 monocytes were cultured in RPMI-1640 medium (Sigma-Aldrich, Cat. No. R0883, St. Louis, MO, USA) containing 10% FBS and 2 mM of [l]{.smallcaps}-glutamine at 37 °C in 5% CO~2~.

2.6. RNA isolation and real time RT-PCR analysis {#s0055}
------------------------------------------------

Total cellular RNA was extracted from dermal fibroblasts and TIME cells (cultured under proliferative or differentiating conditions), using an RNeasy Mini kit (Qiagen, Ref. No. 74106, Hilden, Germany), following the manufacturer\'s instructions. Differentiating TIME cells were released by digestion of the Matrigel for 45 min, at 37 °C, with 400 μl of 50 U Dispase/ml (BD Biosciences). The enzymatic activity was then inhibited by addition of 800 μl of 10 mM EDTA in PBS. After centrifugation and washings in PBS, RNA or protein (see below) were prepared from the cell lysates. Then, one μg of total RNA was reverse-transcribed to cDNA using the iScript cDNA synthesis kit (Biorad, Cat. No. 1708891, Sweden). Real-time qPCR was carried out on a Biorad bcfx96 cycler using KAPA SYBR Fast (Techtum Lab AB, Sweden) in triplicates (95 °C, 2 min; 40 × (95 °C, 10 s; 60 °C, 30 s)). The primer sequences used for *HAS1*, *HAS2*, *HAS3*, *HYAL1*, *HYAL2*, *CD44*, *TLR4* and *GAPDH,* are listed in Table S2. The expression level of each target gene was normalized to the endogenous reference gene *GAPDH*, and was calculated as 2^−ΔCT^ (ΔCT  =  CT (sample mRNA) − CT (*GAPDH* mRNA)).

2.7. Quantification of hyaluronan levels in patients´ serum as well as conditioned media of dermal fibroblast and microvascular endothelial cultures {#s0060}
----------------------------------------------------------------------------------------------------------------------------------------------------

Patient serum samples were processed on the day of collection and stored at −80 °C. Serum hyaluronan levels were measured by an ELISA kit (R&D system, Cat. No. DY3614--05, Minneapolis, MN, USA). Day zero was defined as the day of the onset of the symptoms.

Fibroblasts (100,000 cells/well) or TIME cells (200,000 cells /well) in 6-well plates, were grown in media containing 10% FBS (fibroblasts) or 5% FCS (TIME cells) for 24 h, then starved for an additional 24 h in media supplemented with 0.5% FBS or 2% FCS, respectively. The quiescent cells were then cultured for the indicated time periods in the absence or presence of NS1 protein (recombinant dengue virus serotype 2 non-structural protein 1 derived from strain Thailand/16681/84 and purchased from Enzo, ENZ-PRT105--0100, NY, USA), TGFβ (TGFβ1, Peprotech Nordic, Sweden), TNFα (Peprotech Nordic, Sweden), or combinations thereof. The NS1 protein was reported to be endotoxin-free, by using the Limulus Amebocyte Lysate assay (\<0.1 EU/ml in 25 μg of NS1). Conditioned media were collected and the hyaluronan levels were quantified by an enzyme-linked immunosorbent assay, as described before \[[@bb0220]\]. The specificity of this assay is based on the highly specific and irreversible binding of hyaluronan to immobilized G1 global domain of aggrecan.

2.8. Immunofluorescence staining for hyaluronan and VE-cadherin {#s0065}
---------------------------------------------------------------

Human dermal fibroblasts (5 × 10^4^ cells/well) and proliferating TIME cells (1 × 10^5^ cells/well) were seeded on coverslips in 12-well plates. After 24 h of starvation, untreated or NS1-treated cells were fixed with 3.7% formaldehyde in PBS for 10 min followed by three washes with PBS containing 10% ethanol, and quenching with 100 mM glycine for 30 min. Non-specific binding was then blocked with PBS containing 3% BSA, 5% goat serum (Thermo Fisher, Sweden) and streptavidin plus biotin (Molecular Probes, Cat. No. E-21390, Eugene, Oregon, USA). After washings, cells were incubated over-night with biotinylated-hyaluronan binding protein (b-HABP; 3 μg/ml) \[[@bb0230]\] and for one hour with a monoclonal antibody against CD44 which does not affect its binding to hyaluronan (Hermes3; 2 μg/ml) \[[@bb0235]\]. Alexa Fluor 488-Streptavidin conjugate (1:1000; Molecular Probes) and Alexa Fluor 568-labeled goat anti-mouse antibodies (1:1000; Molecular Probes) were used to detect hyaluronan and CD44, respectively. As a specificity control for hyaluronan staining, b-HABP was preincubated for 2 h at 4 °C with 100 μg/ml hyaluronan prior to its addition to the cultures.

To detect VE-cadherin and actin filaments in confluent monolayers of TIME cells grown on Matrigel-coated coverslips (2 × 10^5^ cells/well in 12 well plates), cell cultures were fixed with 4% paraformaldehyde for 15 min and blocked with IgG-free 1% BSA. Cultures were incubated overnight at 4 °C with antibodies against VE-cadherin (4 μg/ml) followed by anti-mouse Alexa-fluor 488 conjugated secondary antibody (1:1000, Invitrogen) for 1 h. Actin was visualized by TRITC-phalloidin (Invitrogen) for 30 min. The nuclei were stained with DAPI and the slides were mounted with ProLong gold antifade reagent (Thermo Fisher, P36930, Eugene, OR, USA). Photographs were taken with a Zeiss Axioplan 2 immunofluorescence microscope (Carl Zeiss AB, Sweden) using Velocity software, and staining was quantified using Image J.

2.9. Binding of THP-1 monocyte-derived macrophage-like cells to fibroblasts or TIME cells {#s0070}
-----------------------------------------------------------------------------------------

In order to investigate the recruitment of immune cells to dermal fibroblasts and TIME cells, human THP-1 immortalized monocyte-like cells were treated with phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Cat. No. P1585, St. Louis, MO, USA), 5 ng/ml for 48 h, to obtain monocyte-derived macrophage-like cells \[[@bb0240]\]. Fibroblasts and TIME cells were seeded on the coverslips, and then incubated in media containing 0.5% FBS or 2% FCS, respectively, together with 3 μg/ml NS1, in the absence or presence of a monoclonal CD44 antibody (Hermes1; 50 μg/ml, Bio X Cell, BE0262), which specifically inhibits the binding of hyaluronan to the CD44 receptor. After 24 h, THP-1 monocyte-derived macrophage-like cells, detached by EDTA, were co-cultured with fibroblasts or TIME cells for 20 min. After gentle washing with serum-free RPMI-1640 medium, the coverslips were fixed and stained for hyaluronan and CD44, as described above. Ten randomly taken 20× fields were obtained for each condition and the bound THP-1 cells were counted.

2.10. Western blot analysis {#s0075}
---------------------------

Dermal fibroblasts and TIME cells, growing under proliferative or differentiating conditions, were lysed in ice-cold buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, supplemented with protease inhibitors (0.5 μg/ml Pefabloc, 10 μM Leupeptin, 9100 KIU/ml Aprotinin) and phosphatase inhibitors (50 mM NaF, 1 mM orthovanadate) and incubated on ice for 30 min, followed by centrifugation at 13,000 rpm at 4 °C for 15 min. TIME cells cultured on Matrigel were subjected to Dispase digestion prior to cell lysis. Protein concentration was measured by utilizing a BCA assay (Thermo Fisher scientific, Gothenburg, Sweden). Samples with equal protein content were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by wet transfer to nitrocellulose membrane (Amersham, GE Healthcare, Sweden). Membranes were blocked in 5% BSA in Tris buffered saline (TBS) supplemented with 1% Tween 20, and incubated with antibodies (listed in Table S2) at 4 °C overnight. Immunocomplexes were detected by incubation with horseradish peroxide-conjugated secondary goat anti-rabbit IgG (1/10000; Thermo Fisher Scientific, Gothenburg, Sweden, Cat\# 65--6120, RRID:[AB_2533967](nif-antibody:AB_2533967){#ir0005}) and goat anti-mouse IgG (1/10000; Thermo Fisher Scientific, Gothenburg, Sweden, Cat\# 31430, RRID:[AB_228307](nif-antibody:AB_228307){#ir0010}) for 1 h at room temperature, developed by chemiluminescence (Millipore, MA, USA) and protein bands were scanned and quantified by Bio-Rad Universal Hood II CCD camera (Bio-Rad, Hercules, CA, USA).

2.11. Time-lapse microscopy of endothelial tubulogenesis {#s0080}
--------------------------------------------------------

An in vitro three-dimensional tubulogenesis assay that simulates the final stages of in vivo vessel formation, i.e. cellular differentiation, elongation into tubular structures and lumenogenesis was established, as described \[[@bb0110]\]. In brief, ice-cold 12-well plates were coated with 200 μl growth factor-reduced Matrigel (13.5 mg/ml; Corning, Cat. No. 356231, Bedford, MA, USA) per well, resulting in an 1 mm thick gel. After Matrigel solidification (at 37 °C for at least 30 min), 4 × 10^5^ TIME cells were seeded on top of the gel-containing plates. The morphogenesis of TIME endothelial cells into tube-like structures appeared after about 6 h and lasted up to 25 h. Time-lapse microscopy (Nikon-Eclipse Ti---U, Japan) was performed on TIME cells differentiated for 16 h before treatment with NS1 or not, followed by time-lapse monitoring for up to 9 h.

2.12. Transwell permeability assay {#s0085}
----------------------------------

The permeability of confluent endothelial TIME cell monolayers, treated or not with NS1, was measured by an in vitro transwell permeability assay that mimic human endothelium in vivo \[[@bb0245]\]. In brief, TIME cells (2 × 10^5^), expressing or depleted of CD44, were grown in a 24-Transwell® (pore size: 0.4 μm; Corning, Kennebunk, ME, USA) for 5 days until a confluent monolayer was formed. Silencing of CD44 was obtained by transient transfection with 20 nM siRNA (ON-TARGET*plus* SMARTpool from Dharmacon, Thermo Fisher Scientific, Sweden) using SilenFECT transfection reagent (Biorad laboratories AB, Sweden) according to the manufacturer\'s instructions. Fresh starvation media was added in the upper chambers in the absence or presence of exogenously added hyaluronan (25 μg/ml of a molecular mass of 1000 kDa; Q-Med, Sweden) and Hermes1 antibodies (50 μg/ml) overnight. Next, some of the samples were treated for 6 h with NS1 protein (6 μg/ml) with or without *Streptomyces* hyaluronidase (5 units/ml; Sigma-Aldrich, H1136, USA), then media was aspirated, and 200 μl fresh serum-free media containing 3 μl of streptavidin-horseradish peroxidase (HRP) (GE Healthcare, RPN1231, UK) was added. To measure the HRP that leaked through the endothelial monolayer, the inserts were moved to a new 24-well plate with 500 μl/well of serum-free media and incubated for 5 min at 37 °C. Media from each lower chamber (20 μl), was transferred to a 96-well plate and analyzed for HRP activity by adding 100 μl 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Sigma-Aldrich, T4444, USA). The color development was detected by an EnSpire Multimode Reader (PerkinElmer, Sweden) at 450 nm.

2.13. Molecular size analysis of hyaluronan in supernatants of TIME cells {#s0090}
-------------------------------------------------------------------------

Analysis of the size of hyaluronan produced by endothelial microvascular conditioned media, was performed by agarose gel electrophoresis, essentially as described in the online protocol (PEGNAC_HA_Size; NHLBI award number PO1HL107147). Briefly, the supernatants of differentiated TIME cells treated, or not, with NS1 were collected after 25 h and incubated with proteinase K (Ambion, Cat. No. \#AM2546) at a final concentration of 0.1 μg/μl at 60 °C for 4 h. Then 4 volumes of pre-chilled (−20 °C) 100% ethanol were added to each sample, followed by incubation overnight at −20 °C. Samples were then centrifuged (4000 rpm for 10 min, room temperature) and the pellets were washed by 1 ml pre-chilled (−20 °C) 75% ethanol. Then the suspensions were centrifuged and the supernatant was removed with a pipette. After the pellets had air-dried for 20 min at room temperature, 200 μl of 100 mM ammonium acetate (Sigma, Cat. No. \#A1542) was added to each sample, followed by vortexing and a short spin down. After 20 min incubation at room temperature, proteinase K was heat inactivated at 100 °C for 5 min. Then the samples were chilled on ice for 5 min and nucleic acids were digested by DNase (25 U/μl, overnight at 37 °C). The DNase was then inactivated at 95 °C for 5 min and samples were precipitated again by pre-chilled 100% ethanol (overnight, −20 °C). The samples were then centrifuged, the supernatants discarded, and the pellets washed with 1 ml pre-chilled (−20 °C) 75% ethanol. After another centrifugation at 13,000 rpm for 10 min, the supernatant were discarded, and samples were left to air-dry (20 min). Pellets were re-suspended by adding 100 μl of 100 mM ammonium acetate, then lyophilized on a centrifugal vacuum concentrator, re-suspended in 15 μl of 10 M formamide, and left overnight at 4 °C. Then the samples were loaded on a 2% agarose gel (SeaKem GTG Agarose, made with TAE buffer), and electrophoresed at 100 V (constant voltage) for 50 min. Hyaluronan standards of known sizes were run in parallel (1000 kDa and 480 kDa, Q-Med and Pharmacia, respectively, Uppsala, Sweden; 120 kDa, Hylumed Medical, Genzyme, MA, USA; 30 kDa, Fidia Farmaceutici S.p.A., Italy) \[[@bb0250],[@bb0255]\]. The gel was then equilibrated with 30% ethanol for 1 h, and then incubated with Stains-All solution (Sigma, Cat. No. \#E9379, final concentration 25 μg/ml), in 30% ethanol in dH~2~O. After incubation overnight at room temperature in the dark, the gel staining solution was replaced by dH~2~O. After 1 h de-staining, the gel was scanned (Epson).

2.14. TCA precipitation of recombinant viral NS1 protein forms in conditioned medium {#s0095}
------------------------------------------------------------------------------------

Conditioned media from dermal fibroblasts treated with NS1 for 24 h, was collected and precipitated by 10% (*v*/v) trichloroacetic acid on ice for 15 min. The mixture were centrifuged at 4 °C for 10 min and the supernatants discarded. The pellets were re-suspended in 100 μl distilled water and 1 ml chilled 100% acetone was added. After vortexing, samples were left at −20 °C overnight, and then centrifuged. The pellets were then air-dried, lysed in 2× sample buffer, and subjected to SDS-PAGE followed by wet transfer to nitrocellulose membrane and an overnight incubation with NS1 antibodies (dilution 1/500). Immunocomplexes were detected with horseradish peroxide-conjugated secondary antibodies (dilution 1/10000; Invitrogen, Life Technologies Europe BV, Sweden).

2.15. Fluorescein diacetate /propidium iodide staining of live/dead cells {#s0100}
-------------------------------------------------------------------------

Fluorescein diacetate (FDA) (Sigma-Aldrich, D6883, USA) and propidium iodide (PI) (Sigma-Aldrich, Cat. No. P4170, USA) stainings were performed to detect viable and dead cells, respectively, in fibroblasts and TIME cultures upon treatment with viral NS1 protein. Briefly, untreated cells or cells treated with NS1 (up to 9 μg/ml) for different time periods up to 72 h, were stained in serum-free medium containing 8 μg/ml FDA or 20 μg/ml PI at room temperature for four min, in the dark. After washing by PBS, each sample was analyzed with fluorescence microscopy. Cell viability was measured by counting the FDA-signal (viable green fluorescent cells) and the PI-signal (red nuclei PI-stained dead cells) among 300 cells.

2.16. Statistical analysis {#s0105}
--------------------------

Data were presented as numbers; chi-square test or Fisher\'s exact test was performed. Univariate and multivariate logistic regression was performed to detect which factors were associated with warning signs. Factors which significantly associated in univariate analysis were included in the multivariate model. The ROC curve was used to examine the predictive value of hyaluronan. The optimal cutoff value of hyaluronan to distinguish patients with warning signs from those without was selected using maximized Youden index, which was defined as \[sensitivity+specificity\]-1. For examination of the null hypothesis that AUC is equal to 0.5, which indicates no prediction is possible, the Wilcoxon rank sum test was used. Continuous variables from patients were analyzed by Student\'s *t*-test unless otherwise mentioned. Statistical analyses were performed by IBM SPSS statistical software version 22 for Windows (IBM Corp., Armond, New York, USA). Two-tailed *p* \< .05 indicated statistical significance. For in-vitro experimental samples, two-tailed Student\'s t-test was used to calculate significance. All error bars in the graphics indicate the standard error of the mean (SEM).

3. Results {#s0110}
==========

3.1. Aberrant increase of serum hyaluronan characterizes moderate-to-severe dengue virus infection {#s0115}
--------------------------------------------------------------------------------------------------

A total of 250 patients with laboratory-confirmed dengue virus infection were enrolled during the dengue outbreaks in Taiwan in 2014 to 2015 ([Fig. 1](#f0005){ref-type="fig"} a). Of the enrolled patients, 142 visited the hospital after 3 days of the onset of symptoms (i.e., they did not come to hospital during their febrile phase of illness), whereas 108 patients were examined in both febrile and critical phases of dengue infection.Fig. 1Serum hyaluronan levels increase robustly in patients with dengue fever and constitute a biomarker for disease severity.(**a**) Flow chart of the enrollment of patients during dengue outbreaks. Twenty healthy adults were enrolled as control group for comparison. Laboratory-confirmed dengue patients, and gram-negative bacilli (GNB), gram-positive cocci (GPC) bacteremia and influenza A virus (Flu A) infected patients were enrolled and analyzed. For further comparison between dengue patients without and with warning signs (WS), patients who did not visit hospital or were not evaluated day by day within 3 days after symptoms onset (*n* = 142) were excluded from the analyses described in panels **g** and **h** below. **(b-d)** Serum hyaluronan levels **(b),** hematocrit **(c)** and platelet counts **(d)** in 250 dengue virus infected patients the days after symptoms onset. **(e)** Serum hyaluronan levels of patients infected with bacteria, dengue virus or influenza virus, as well as of healthy controls. **(f)** Correlation between circulating NS1 concentrations and serum hyaluronan levels in patients with dengue fever (*n* = 182) are depicted. Statistical analysis was carried out by One-way ANOVA (analysis of variance). **(g)** Serum hyaluronan levels from 108 patients who provided paired serum samples during their febrile and critical phases, respectively, exhibiting WS or not. **(h)** ROC (receiver operating characteristic) curve of the serum hyaluronan concentration in febrile and critical phases show that it is a predictor of the occurrence of WS throughout the entire period of illness. Area under curve (AUC) was 0.68 and 0.69 respectively (See also Fig. S1 e). In **(b-g)**, \* *p* \< .05, \*\* *p* \< .01, \*\*\* *p* \< .001.Fig. 1

Because severe dengue infection is associated with vascular dysfunction, and since hyaluronan is a major component of the endothelial glycocalyx and is involved in the regulation of endothelial permeability \[[@bb0260],[@bb0265]\], we investigated the levels of hyaluronan in serum of the patients. The 250 dengue infected patients provided consecutive serum samples during the febrile, critical and/or recovery phases. Interestingly, serum hyaluronan levels increased about 100-fold in patients with dengue fever (mean value: 1002 ng/ml) compared to healthy controls (*n* = 20, mean value: 11 ng/ml), as early as 24 h after symptoms onset ([Fig. 1](#f0005){ref-type="fig"} b). The highest concentrations were reached between 4 and 5 days (about 4000 ng/ml) and declined 8 to 10 days after the onset of symptoms, periods corresponding to the critical and recovery phases, respectively. The hyaluronan levels remained elevated during the recovery phase ([Fig. 1](#f0005){ref-type="fig"} b).

A clinical deterioration is seen in severe cases of dengue virus infection, including increased hematocrit and thrombocytopenia, increased vascular permeability and bleedings. The laboratory analyses demonstrated that the increased serum hyaluronan levels ([Fig. 1](#f0005){ref-type="fig"} b) correlated to increased hematocrit ([Fig. 1](#f0005){ref-type="fig"} c) and low platelet counts ([Fig. 1](#f0005){ref-type="fig"} d); the former two increased significantly during day 4--5 and then declined during day 8--10, whereas the platelet counts declined significantly during day 4--5 and then increased during day 8--10.

For comparison, the levels of hyaluronan were also determined in serum of patients infected with other agents, i.e. gram-negative bacilli (GNB; 50 patients), gram-positive cocci (GPC; 9 patients) and influenza A virus (Flu A; 41 patients) on the day of hospital visit. Notably, dengue patients exhibited 5-fold, 10-fold and 40-fold higher hyaluronan levels in comparison to GNB, GPC and Flu A infected patients, respectively ([Fig. 1](#f0005){ref-type="fig"} e). Thus, dengue virus infection triggers an accumulation of hyaluronan, much higher than that induced during infection with influenza virus A or bacteria. Interestingly, high plasma NS1 levels in dengue patients correlated with higher circulating hyaluronan levels (from 182 dengue patients); a 10-fold increase in the circulating viral NS1 protein was accompanied with a 10-fold increased serum hyaluronan levels ([Fig. 1](#f0005){ref-type="fig"} f).

3.2. Increased serum hyaluronan level is an early biomarker for development of warning signs for severe dengue {#s0120}
--------------------------------------------------------------------------------------------------------------

In an effort to evaluate the importance of hyaluronan as a possible prognostic biomarker for dengue WS positive and severe dengue, the levels of hyaluronan and warning signs were analyzed in the febrile and critical phases of 108 patients ([Fig. 1](#f0005){ref-type="fig"} g, and [Table 1](#t0005){ref-type="table"}). Forty-two patients were evaluated as WS-negative and 66 were WS-positive. In total, 15 patients progressed to severe dengue and all of them had warning signs ([Table 1](#t0005){ref-type="table"} and Table S1). The means of febrile-phase and critical-phase hyaluronan levels were significantly higher in patients with warning signs compared with those without ([Fig. 1](#f0005){ref-type="fig"} g). Results of univariate and multivariate logistic regression analysis of the demographic data, pre-existing medical condition and laboratory data of the patients, are depicted in [Table 1](#t0005){ref-type="table"}. In univariate analysis among 108 patients, age ≥ 65 years, secondary infection, febrile phase serum hyaluronan level ≥ 70 ng/ml, and critical phase serum hyaluronan level ≥ 2700 ng/ml, were all risk factors for occurrence of warning signs (*p* \< .01).Table 1Clinical characteristics and laboratory data of subgroups without or with warning signs, as well as the results of univariate and multivariate logistic regression of the risk factors associated with warning signs.Table 1Warning signsUnivariateMultivariateNegativePositiveFebrile phaseCritical phase(*n* = 42)(*n* = 66)OR (95% CI)*p* valueAdjusted OR (95% CI)*p* valueAdjusted OR (95% CI)*p* valueDemographic dataSex, male23310.7 (0.3--1.6)n.s.Age ≥ 65 years1034**3.4 (1.4--8.0)\<0.01**[⁎](#tf0010){ref-type="table-fn"}2.0 (0.8--5.2)n.s.2.3 (0.9--5.9)n.s.  Pre-existing medical conditionSecondary dengue infection1743**2.8 (1.2--6.1)0.01**[⁎](#tf0010){ref-type="table-fn"}2.0 (0.8--4.8)n.s.1.2 (0.5--3.2)n.s.Bronchial asthma02not availablen.s.Hepatitis B/C virus3122.9 (0.7--13.9)n.s.Liver cirrhosis10not availablen.s.Hypertension16372.1 (0.9--4.6)n.s.Diabetes mellitus7161.6 (0.6--4.3)n.s.Chronic kidney disease2103.6 (0.7--17.2)n.s.Rheumatoid arthritis10not availablen.s.  Laboratory dataFebrile phaseDENV 1[a](#tf0005){ref-type="table-fn"}990.6 (0.2--2.1)n.s.DENV 2[a](#tf0005){ref-type="table-fn"}22361.8 (0.6--5.9)n.s.DENV 3[a](#tf0005){ref-type="table-fn"}10not availablen.s.Hyaluronan ≥70 ng/ml1950**3.8 (1.7--8.7)\<0.01**[⁎](#tf0010){ref-type="table-fn"}**2.8 (1.2--6.8)0.02**[⁎](#tf0010){ref-type="table-fn"}WBC \< 3000/μl8110.9 (0.3--2.6)n.s.Platelet \<100,000/μl11261.8 (0.8--4.4)n.s.Albumin \<30 mg/ml2134.9 (0.97--33.5)n.s.AST \> 40 IU/L20391.6 (0.7--3.7)n.s.ALT \>40 IU/L11282.1 (0.8--5.3)n.s.  Critical phaseHyaluronan ≥2700 ng/ml1143**5.3 (2.2--12.4)\<0.01**[⁎](#tf0010){ref-type="table-fn"}**4.0 (1.5--10.3)\<0.01**[⁎](#tf0010){ref-type="table-fn"}Hematocrit change \>20%14332.0 (0.8--4.8)n.s.[^2][^3][^4][^5]

Importantly, after adjustment of age, and secondary dengue virus infection, we still found that febrile phase serum hyaluronan concentration ≥ 70 ng/ml is an independent predictor of occurrence of warning signs (adjusted OR: 2.8, *p* = .02), as is critical phase serum hyaluronan level ≥ 2700 ng/ml (adjusted OR: 4.0, *p* \< .01) ([Table 1](#t0005){ref-type="table"}). Thus, serum hyaluronan levels correlate with the severity of the disease.

In addition, the predictive role of serum hyaluronan levels in discriminating dengue WS-negative and WS-positive cases was explored by analysis of the receiver operating characteristic (ROC) curve. The analyses showed significant discriminatory power of serum hyaluronan levels from febrile phase (the area under curve, AUC = 0.68, *p* = .002) and critical phase (AUC = 0.69, *p* = .001) of dengue infection, to distinguish WS-positive from WS-negative patients ([Fig. 1](#f0005){ref-type="fig"} h). Serum hyaluronan levels correlated negatively to platelet counts (Fig. S1 b) and positively to NS1 plasma concentrations (Fig. S1 c). Increased hyaluronan levels are also seen in patients with other diseases, e.g. diabetes. Subdivision of our cohort in patients with (*n* = 23) and without (*n* = 85) diabetes, revealed borderline elevation of hyaluronan levels in both febrile and critical phases (Fig. S1 d). The sensitivity and specificity for febrile phase hyaluronan level were 76% and 55%, respectively, whereas the sensitivity and specificity for critical phase hyaluronan level were 65% and 74%, respectively (Fig. S1 e). Furthermore, we divided the 108 patients into 4 groups according to their febrile phase (early) serum hyaluronan levels (0--25, 25--50, 50--75, 75--100 percentiles ranking, respectively). We found that the percentage of patients with warning signs (left panel), nadir platelet counts \<50,000/μl (left middle panel), hematocrit level increasing \>20% (middle panel), hypoalbuminemia \<30 mg/ml (right middle panel) and occurrence of pleural effusion or ascites (right panel), increased gradually along with the increase of febrile phase serum hyaluronan levels (Fig. S1 f). The latter three symptoms and signs are typical manifestations of plasma leakage in dengue patients. These findings demonstrate that the serum hyaluronan level is a useful biomarker to predict the occurrence of warning signs during the entire disease course. Thus, the febrile phase serum hyaluronan level can be used to predict the progress of disease, and thereby determine which dengue patients need hospitalization.

3.3. Exposure to dengue protein NS1 differentially modulates hyaluronan biosynthesis and CD44 expression in dermal fibroblasts and microvascular endothelial cells {#s0125}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

To elucidate the molecular mechanisms underlying the excessive accumulation of hyaluronan in serum of dengue-infected individuals, we investigated the effects of recombinant viral NS1 protein; the preparation contained monomeric and oligomeric forms as revealed by immunoblotting (Fig. S2 a). Using fluorescein diacetate / propidium iodide assay, we verified that treatment of dermal fibroblasts and endothelial cells with up to 9 μg NS1/ml did not affect the viability of cells (Fig. S2 b and d). NS1 treatment of dermal fibroblasts potently stimulated the expression of *HAS1*, *HAS2* and *HAS3* ([Fig. 2](#f0010){ref-type="fig"} a). Noteworthy, the basal *HAS2* transcript levels in fibroblast cultures was 100-fold higher than *HAS1* and *HAS3* transcripts, and it was further 3-fold increased at 6 h after NS1 treatment (Fig. S2 c). NS1 did not affect the amount of *HYAL1* and *HYAL2* transcripts, but significantly increased the high basal *CD44* mRNA level in dermal fibroblasts ([Fig. 2](#f0010){ref-type="fig"} a).Fig. 2NS1-treatment of dermal fibroblasts and microvascular endothelial cells enhances synthesis and alters organization of hyaluronan, promoting adhesion of macrophages*.***(a-b)** RNA was prepared from human dermal fibroblast **(a)** and proliferative microvascular endothelial **(b)** cultures treated or not with NS1 (3 μg/ml) for 24 h, and reversed transcribed to cDNA; real-time PCR was run using primers for *HAS1,2,3, HYAL1,2* and *CD44* (*n* = 3). **(c)** Analysis of hyaluronan content in conditioned media of fibroblasts (upper panel) and endothelial cells (lower panel) treated or not with NS1 (n = 3). **(d-g)** Immunofluorescence of untreated and NS1-treated fibroblasts **(d and f)** and endothelial cells **(e and g)**, exposed to PMA-activated THP-1 human monocyte-derived macrophage-like cells **(f and g)** or not **(d and e)**, were fixed with 3.7% formaldehyde and stained for hyaluronan (green) or CD44 (red); hyaluronan-rich cable-like structures (arrows) and dot-like structures (arrowheads) are depicted. Representative THP-1 cells among several THP-1 cells are marked by black triangles **(f and g)**. See also Fig. S3. **(h and i)** Fibroblasts **(h)** and endothelial cells **(i)** were treated with 3 μg/ml NS1 protein for 24 h, or not, in the absence or presence of Hermes1 (50 μg/ml) antibodies. Then 200,000 PMA-activated THP-1 human monocyte-derived macrophage-like cells (round cells) were co-cultured with fibroblasts and endothelial cells for 20 min, where after non-adherent cells were removed and adherent cells were stained. Ten randomly taken fields (20×) were obtained and the bound THP-1 cells were counted. Quantification of four independent experiments is depicted. In **(a-c)** and **(h-i)**, \* *p* \< .05. In **(d-g)**, scale bars, 10 μm.Fig. 2

NS1 treatment of proliferating TIME cells significantly induced the expressions of *HAS1*, *HAS2* and *HAS3*, as well as *HYAL1*, but had no effect on the intrinsic constitutively high transcription of *HYAL2* and *CD44* ([Fig. 2](#f0010){ref-type="fig"} b). Notably, the induction of *HAS2* transcription was more profound than *HAS1* and *HAS3* after 24 h of exposure to NS1, and was accompanied by increased HAS2 protein expression ([Fig. 2](#f0010){ref-type="fig"} b, Fig. S2, e and f).

The NS1-induced increase in the mRNA levels of the HAS isoforms was accompanied by increased hyaluronan concentrations in the cell culture media of both fibroblasts and endothelial cells ([Fig. 2](#f0010){ref-type="fig"} c). Fibroblasts produced 5--10 times more hyaluronan than endothelial cells. Since the HAS2 isoform dominated, at least in fibroblasts, it is likely that HAS2-synthesized hyaluronan accounted for most of the excessive hyaluronan levels.

3.4. Organization of hyaluronan matrix around human dermal fibroblasts and microvascular endothelial cells {#s0130}
----------------------------------------------------------------------------------------------------------

We compared the organization of hyaluronan matrices in dermal fibroblast ([Fig. 2](#f0010){ref-type="fig"} d) and TIME cell ([Fig. 2](#f0010){ref-type="fig"} e) cultures in response to NS1 treatment. Interestingly, in NS1 treated fibroblast cultures, hyaluronan matrices formed a fibrous network spanning multiple cells, in comparison to untreated cultures ([Fig. 2](#f0010){ref-type="fig"} d; each channel is shown separately in Fig. S3 a). Abundant hyaluronan-rich fibrous cables, longer than 20 μm weaving over the cells were predominantly seen in NS1-treated fibroblast cultures, compared to untreated control cells (Fig. S3 b and c, respectively). Hyaluronan-rich fibrous network structures were formed to a much lesser extent around TIME cells compared to fibroblasts ([Fig. 2](#f0010){ref-type="fig"} e; each channel is shown separately in Fig. S3 a); instead the hyaluronan-based matrices in microvascular endothelial cultures exhibited dot-like structures. The specificity for hyaluronan staining was verified by saturation of b-HABP with excess of hyaluronan prior its addition, leading to abrogation of hyaluronan staining (Fig. S3 d).

3.5. Macrophage-like cell adhesion to NS1-induced hyaluronan-rich structures is mediated by CD44 {#s0135}
------------------------------------------------------------------------------------------------

In an effort to understand the increased immune response associated with dengue infection, we investigated how PMA-differentiated THP-1 macrophage-like cells adhered to hyaluronan matrices surrounding dermal fibroblasts ([Fig. 2](#f0010){ref-type="fig"} f) and microvascular endothelial cells ([Fig. 2](#f0010){ref-type="fig"} g). We observed an increase in adhesion of CD44 expressing macrophage-like cells onto hyaluronan cables and hyaluronan-rich dot-like structures around NS1-treated fibroblasts and endothelial cultures, respectively. Blocking of CD44-hyaluronan interactions with Hermes 1 antibodies resulted in about 30% and 70% suppression of macrophage adhesion to NS1-treated dermal fibroblasts and endothelial cells, respectively ([Fig. 2](#f0010){ref-type="fig"} h and i). These findings support the notion that NS1-induced hyaluronan matrices enhance the recruitment of inflammatory cells.

3.6. NS1-induced impairment of vessel-like networks correlates to increased levels of hyaluronan and CD44 suppression {#s0140}
---------------------------------------------------------------------------------------------------------------------

TIME cells grown on Matrigel differentiated to tubular structures within 16 h, forming a network. Because hyaluronidase-dependent hyaluronan fragmentation and CD44 expression \[[@bb0010],[@bb0110]\] are involved in the differentiation of microvascular endothelial cells, we investigated the effect of NS1 treatment on expressions of hyaluronan synthases and hyaluronidases, as well as *CD44*, during tubular morphogenesis of TIME cells ([Fig. 3](#f0015){ref-type="fig"} a). CD44 can occur as a standard form as well as several variant forms as a result of differential splicing; however, the TIME cells contain almost exclusively the standard CD44 isoform \[[@bb0105]\]. Interestingly, the transcriptional activities of *HAS1*, *2*, *3*, and *HYAL1*, as well as the constitutively highly expressed *HYAL2*, were significantly induced after treatment of the vessel-like structures for 9 h with NS1. Importantly, NS1 treatment significantly suppressed the expression of the *CD44* transcripts during endothelial differentiation ([Fig. 3](#f0015){ref-type="fig"} a). In accordance, the protein levels of HAS2 and HYAL2 were markedly increased, whereas that of CD44 was decreased by about 30%, after 9 h of NS1 treatment of the endothelial cell vessel-like structures ([Fig. 3](#f0015){ref-type="fig"} b). Interestingly, exposure of differentiated TIME cell to NS1 resulted in the production of increased levels of fragmented hyaluronan in the conditioned medium ([Fig. 3](#f0015){ref-type="fig"} c).Fig. 3NS1-treatment of differentiating microvascular endothelial cells results in impaired tubulogenesis.**(a)** Microvascular endothelial TIME cells grown in Matrigel for 16 h, after which cells had differentiated and formed tubular structures, were treated, or not, with 6 μg NS1/ml for an additional 9 h. After harvesting the cells, RNA was prepared and qRT-PCR analyses performed for the expression of mRNAs of *HAS1*, *2*, *3*, *HYAL1*, *2* and *CD44*. The data shown is from three independent experiments performed in triplicates ± SEM. **(b)** Cell lysates of the differentiated tubular endothelial cells were subjected to SDS-PAGE and immunoblotting for HAS2, HYAL2 and CD44, as well as GAPDH as loading control; the densities of the bands were quantified from three independent experiments by ImageJ (depicted by numbers). **(c)** The hyaluronan in 25 h conditioned media from untreated or NS1-treated differentiating endothelial cells, were analyzed for size by agarose electrophoresis, as described in Materials and Methods. **(d)** Microvascular endothelial cells were subjected to NS1 treatment (lower panel) or not (upper panel) during their growth in Matrigel for an additional 9 h after formation of tubular structures. The effect of NS1 on the vessel-like structures are shown. Numbers 1, 2, 3 indicate the order of asynchronous disassembly of vessel-like structures. Scale bars, 100 μm. In **(a-b)**, \* *p* \< .05.Fig. 3

Monitoring the network formed by differentiated TIME cell cultures treated with NS1 by time-lapse microscopy for up to 9 h, revealed a reversal of the endothelial cell self-assembly into tubular structures in NS1-treated cultures. The rate of the endothelial cell detachment from the vessel-like structures was asynchronous ([Fig. 3](#f0015){ref-type="fig"} d). Movies to show this dynamic process are available ([Supplementary video S1](#ec0005){ref-type="supplementary-material"}, [Supplementary video S2](#ec0010){ref-type="supplementary-material"}). Our observations support the notion that NS1-induced hyaluronan and suppression of CD44 increase the levels of polydisparse hyaluronan and perturbs endothelial cell differentiation.

3.7. Dengue virus-mediated activation of circulating pro-inflammatory cytokines contribute to the increased hyaluronan levels {#s0145}
-----------------------------------------------------------------------------------------------------------------------------

Examination of immune responses in a cohort of 108 patients, revealed significant increases in the levels of several cytokines already during the early febrile phase, that was significantly further increased during the critical phase ([Fig. 4](#f0020){ref-type="fig"} a). The MCP-1 and IL-6 levels increased initially during the febrile phase and then decreased during the critical phase, whereas the levels of TGFβ, TNFα, IL-8 and IL-10 increased significantly during the febrile phase of dengue infection, and remained high during the critical phase.Fig. 4Dengue virus-induced pro-inflammatory cytokines synergize with NS1 to promote hyaluronan synthesis involving several signaling pathways.**(a)** The levels of TGFβ, MCP-1, IL-6, TNFα, IL-8 and IL-10 were analyzed in 108 dengue patients both in febrile and critical phases, and compared to twenty healthy individuals. **(b-c)** Dermal fibroblasts **(b)** and microvascular endothelial cells grown under proliferative conditions **(c)** were treated (filled bars), or not (open bars), with NS1 (3 μg/ml) alone or in combination with TGFβ (1 ng/ml) or TNFα (10 ng/ml) for 24 h. The expression levels of mRNAs for *HAS2, CD44* and *TLR4* were determined by RT-PCR. The levels of hyaluronan in 24 h conditioned media were also determined (right panels) (*n* = 3, triplicate determinations of each independent experiment). **(d-e)** Dermal fibroblasts **(d)** and endothelial cells **(e)** were treated with NS1 (3 μg/ml) for the indicated time periods. Cell lysates were prepared and proteins were separated by SDS-PAGE and immunoblotted for the phosphorylated and total amount of p65 NF-B, Akt, Erk1/2 and p38 MAP-kinase. **(f)** Quantification of three independent experiments of dermal fibroblasts and endothelial cells are depicted in gray and black bars respectively. \* *p* \< .05 when compared to the non-treated controls. In **(a-c)** and **(f)**, results are means ± SEM. \* *p* \< .05, \*\* *p* \< .01, \*\*\* *p* \< .001.Fig. 4

Because TGFβ and TNFα are potent stimulators of HAS2-synthesized hyaluronan in several cell types \[[@bb0270],[@bb0275]\], we investigated the effects of these mediators on NS1-induced hyaluronan production in fibroblast ([Fig. 4](#f0020){ref-type="fig"} b) and endothelial ([Fig. 4](#f0020){ref-type="fig"} c) cultures. The analysis demonstrated that fibroblasts stimulated with TGFβ or TNFα in combination with NS1 exhibited about 2-fold and 4-fold increases in *HAS2* expression, respectively, compared to cell cultures treated with NS1 only ([Fig. 4](#f0020){ref-type="fig"} b). In TIME cells, TNFα stimulation also significantly increased the NS1-induced *HAS2* expression, however, TGFβ did not ([Fig. 4](#f0020){ref-type="fig"} c). In addition, we investigated the effects of TGFβ and TNFα alone or in combination with NS1 on the expression levels of *CD44* and *TLR4,* encoding a receptor for NS1, in these cultures. Neither TGFβ nor TNFα, alone or in combination with NS1, significantly affected *CD44* mRNA expression, whereas TNFα in combination with NS1, synergistically induced the expression of *TLR4* in fibroblast cultures ([Fig. 4](#f0020){ref-type="fig"} b). In microvascular endothelial cultures, NS1 alone markedly induced the expression of *TLR4*, which was partially decreased when NS1 was combined with TGFβ or TNFα. Neither TGFβ nor TNFα, alone or in combination with NS1, significantly affected the transcription of *CD44* in endothelial cells ([Fig. 4](#f0020){ref-type="fig"} c). The hyaluronan levels increased significantly in both fibroblasts and endothelial cell cultures treated with TGFβ and TNFα in combination with NS1.

Thus, circulating cytokines induced during dengue virus infection further enhanced the hyaluronan production induced by NS1.

3.8. Signaling pathways involved in NS1-induced hyaluronan production {#s0150}
---------------------------------------------------------------------

To gain insights into the signaling pathways evoked by NS1 which can mediate increased hyaluronan production and signaling, we investigated the activation status of key signaling molecules in fibroblast ([Fig. 4](#f0020){ref-type="fig"} d) and endothelial ([Fig. 4](#f0020){ref-type="fig"} e) cultures. Whereas NS1-treatment of fibroblasts did not affect the NF-B signaling pathway, in endothelial cultures an increase in NF-kB activation was observed within 15 min of NS1 treatment that lasted, with a slight decrease, for up to 4 h ([Fig. 4](#f0020){ref-type="fig"} e). Other signaling pathways, including Akt, and Erk1/2 and p38 MAP-kinases, were activated within 15 min after NS1-treatment, followed by a similar attenuation pattern, both in fibroblasts and endothelial cultures ([Fig. 4](#f0020){ref-type="fig"}, d-f). Thus, NS1 induces several signaling pathways in both cell types.

3.9. Hyaluronan-CD44 interactions regulate NS1-mediated endothelial hyper-permeability {#s0155}
--------------------------------------------------------------------------------------

Recently, we demonstrated a critical role of the hyaluronan - CD44 axis in normal vessel formation \[[@bb0110]\]. Therefore, we investigated the effect of CD44 and hyaluronan on the integrity of untreated and NS1-treated confluent endothelial cell monolayers, using an in vitro endothelium permeability assay. Confluent monolayers not exposed to NS1 exhibited a basal permeability, which was increased by about 3-fold when hyaluronan was added to the culture media or when cells were depleted of CD44 ([Fig. 5](#f0025){ref-type="fig"} a). Treatment with NS1 increased the permeability by about 2-fold compared to non-treated cells. Importantly, hyaluronan stimulation, or silencing of CD44, further enhanced the NS1-induced endothelial permeability ([Fig. 5](#f0025){ref-type="fig"} a). Interestingly, if confluent endothelial cell monolayers were pre-treated by Hermes 1 antibody, which specifically blocks the binding of hyaluronan to CD44, before NS1-treatment, or if the cells were treated with *Streptomyces* hyaluronidase together with NS1, the endothelial hyper-permeability was prevented ([Fig. 5](#f0025){ref-type="fig"} a). These observations suggest a key regulatory role of hyaluronan-engaged CD44 in NS1-induced vascular hyper-permeability.Fig. 5Hyaluronan-CD44 interactions are important for the stability of intercellular adhesion junctions.**(a)** Confluent monolayers of microvascular endothelial cells expressing or depleted of CD44, were pre-treated or not with exogenous hyaluronan (25 μg/ml) or Hermes1 antibodies (50 μg/ml) overnight. Then, cell monolayers were co-treated or not with 6 μg/ml NS1 protein and some cultures also with *Streptomyces* hyaluronidase (5 units/ml) for 6 h. The permeability was determined by using an in vitro transwell permeability assay (n = 3). **(b-c)** Confluent microvascular endothelial cells, expressing or depleted of CD44, grown on Matrigel-coated coverslips, were treated as described in **(a),** fixed and stained for VE-cadherin (green), phalloidin (red), and DAPI (blue) **(c;** quantified in **b)**. Asterisks indicate representative para-cellular gaps between endothelial cells. See also [Fig. 6](#f0030){ref-type="fig"}. In **(a--b)**, data are presented as mean ± SEM. \* *p* \< .05. In **(c)**, scale bars, 10 μm.Fig. 5

The NS1-induced endothelial permeability ([Fig. 5](#f0025){ref-type="fig"} a) was accompanied by an increase in the number and size of paracellular gaps, as monitored by immunofluorescence staining ([Fig. 5](#f0025){ref-type="fig"}, b and c). In response to stimulation with hyaluronan or knockdown of CD44, morphological changes occurred leading to formation of paracellular gaps, and enlargement of NS1-induced gaps, which was reverted by Hermes1 antibodies or treatment with *Streptomyces* hyaluronidase ([Fig. 5](#f0025){ref-type="fig"} b, c).

CD44-mediated regulation of vascular function occurs partly through modulation of VE-cadherin in adherens junctions \[[@bb0280],[@bb0285]\]. As shown in [Fig. 6](#f0030){ref-type="fig"}, under basal conditions VE-cadherin was distributed in a striped or jagged fashion delineating confluent and resting endothelial cells, and colocalized with F-actin. There was no significant change in the total VE-cadherin protein expression levels in NS1-treated cells, with or without combination with hyaluronan or Hermes1 pre-treatment, compared to non-treated endothelial cells, neither did depletion of CD44 affect its expression (Fig. S4), suggesting that hyaluronan/CD44 does not affect VE-cadherin expression. Importantly, stimulation with NS1 or hyaluronan, or CD44 depletion, caused re-distribution and fragility of VE-cadherin ([Fig. 6](#f0030){ref-type="fig"}). Immunofluorescence analysis of TRITC-phalloidin-stained endothelial cells revealed that hyaluronan stimulation induced both longer (Fig. S5 a) and thicker (Fig. S5 b) F-actin stress fibers compared to control cells; CD44 depletion also promoted the formation of longer and thicker F-actin stress fibers ([Fig. 6](#f0030){ref-type="fig"} and Fig. S5). Notably, a co-localization of VE-cadherin with the ends of F-actin stress fibers at sites of cell-cell junctions, was observed. Our observations support the notion that NS1, or treatment with hyaluronan or CD44 suppression, affects VE-cadherin and cytoskeletal associations, modulating endothelial-endothelial intercellular junctions ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Effect of NS1, CD44 depletion and hyaluronan on VE-cadherin localization.Human microvascular endothelial TIME cells (2 × 10^5^ cells/well in 12-well plates), transfected with CD44 siRNA or control, scrambled siRNA, were stimulated with 25 g/ml hyaluronan overnight, fixed in 4% paraformaldehyde and stained for VE-cadherin (green) and actin filaments (TRITC-phalloidin; red). Photographs were taken with a Zeiss Axioplan 2 immunofluorescence microscope. Arrows indicate the co-localization of VE-cadherin with actin fibers. Arrowheads indicate the discontinuity and fragility of VE-cadherin. Scale bars, 10 μm.Fig. 6

4. Discussion {#s0160}
=============

We demonstrate that NS1-mediated increase in circulating hyaluronan predicts the occurrence of warning signs during dengue virus infection, and promotes endothelial hyper-permeability involving perturbed CD44-hyaluronan interactions accompanied by F-actin stress fibers and VE-cadherin re-organization. The circulating levels of dengue virus NS1 protein in patients with dengue virus infection range between 0.02 and 15 μg/ml \[[@bb0290],[@bb0295]\]. Circulating NS1 is thought to play key regulatory roles in the pathology of dengue virus infection, but insights into the pathogenesis of severe vascular leakage have been hampered by the lack of an animal model that accurately mimics the transient capillary permeability syndrome seen in patients \[[@bb0185],[@bb0195],[@bb0300]\]. Previous studies have reported increased serum hyaluronan levels and a potential association to dengue severity, but the increased levels of hyaluronan was detected at later infection phases and the underlying molecular mechanisms were not elucidated \[[@bb0215],[@bb0265],[@bb0305]\]. We have confirmed and extended these findings, by studying a larger and early-enrolled cohort of dengue virus infected patients. We provide evidence that hyaluronan levels higher than 70 ng/ml during early infection, is an independent predictor for occurrence of warning signs and thus severe dengue fever. Importantly, we show that high circulating NS1 levels, indicative of disease severity, correlate with high concentration of serum hyaluronan ([Fig. 1](#f0005){ref-type="fig"}, [Table 1](#t0005){ref-type="table"} and Table S1).

Patients with severe dengue sometimes show life-threatening increase in vascular permeability. Important regulators of vascular permeability are endothelial tight junctions and adherence junctions. In particular, homophilic interactions of VE-cadherin molecules between endothelial cells regulate the intercellular junctions by undergoing actin-controlled movement along intercellular contacts \[[@bb0310],[@bb0315]\]. Our findings show that NS1 treatment did not affect the amount of VE-cadherin in endothelial cells, however, its localization was rearranged, which was accompanied by a rearrangement of actin filaments resulting in increased gaps between endothelial cells ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}). Stimulation with hyaluronan or knockdown of CD44 resulted in similar morphological alterations, suggesting that the effect of NS1 on rearrangement of VE-cadherin and actin filaments is, at least partially, mediated by perturbed hyaluronan-CD44 interactions.

Hyaluronan-dependent pericellular matrices have been shown to surround cells in culture \[[@bb0055],[@bb0320]\]. During the inflammatory phase after a virus infection, cells synthesize and secrete hyaluronan that form inflammatory cable-like hyaluronan-rich structures \[[@bb0325]\]. Analysis of the effects of the dengue NS1 protein on dermal fibroblasts and endothelial cell cultures revealed that the expression of genes involved in the biosynthesis and signaling of hyaluronan was modulated. Fibroblasts produced 5--10 times higher levels of hyaluronan compared to endothelial cells ([Fig. 2](#f0010){ref-type="fig"} c), however, given that during viremia and presence of large amounts of NS1, endothelial cells in the entire circulation may be exposed to NS1, their contribution to the elevated hyaluronan levels in dengue patients may be substantial. Importantly, NS1 exposure resulted in the deposition of different forms of hyaluronan-rich matrices in fibroblasts and endothelial cultures, and both structures attracted immune cells ([Fig. 2](#f0010){ref-type="fig"}). Indeed, the size of hyaluronan macromolecular structures play a pivotal role not only for the physical, but also for the immunological properties of tissues. Whereas alveolar macrophages constitutively bind, take up and degrade hyaluronan \[[@bb0330], [@bb0335], [@bb0340]\], the capacity of monocytes to bind hyaluronan is induced in response to pro-inflammatory cytokines during inflammation or infection \[[@bb0345]\]. Our observations that depletion of CD44 or treatment with excessive amounts of hyaluronan leads to enhanced endothelial hyper-permeability suggests that the size and signaling of hyaluronan matrices have an important role in the regulation of vessel function.

Our previous studies on the differentiation of TIME cells demonstrated that CD44 was predominantly localized at the fusion sites during tubulogenesis, and that knock-down of CD44 or HYAL2 resulted in an inability of endothelial cells to differentiate and form tubular structures \[[@bb0110]\]. The inability of CD44-depleted microvascular endothelial cells to form vessel-like structures, together with our previous studies that hyaluronan fragments trigger CD44-mediated tubulogenesis in a CXCL1-dependent manner \[[@bb0010]\], suggest key regulatory roles for hyaluronan-engaged CD44 and chemokines in angiogenesis. In addition to degrade hyaluronan, HYAL2 has been reported to regulate the formation of the glycocalyx via CD44-ERM-related cytoskeletal interactions \[[@bb0350]\], to serve as a viral entry receptor \[[@bb0355]\] and to regulate CD44 alternative splicing events affecting cell phenotype in progressive fibrosis \[[@bb0360]\]. The NS1-mediated induction of hyaluronan synthesizing and catabolizing enzymes ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}), resulting in the formation of proinflammatory fragmented hyaluronan-rich matrices, and may have contributed to disorganization of the glycocalyx layer \[[@bb0135]\]. Intriguingly, the hyaluronidase TMEM2 (homolog to KIAA1199) \[[@bb0365]\] was recently shown to have a pivotal role in normal angiogenesis during embryonic development, by balancing hyaluronan depolymerization \[[@bb0370]\]. Furthermore, the accumulated knowledge about the role of HYAL1 and HYAL2 in glycocalyx function support the notion that hyaluronan is important for endothelial cell function \[[@bb0375],[@bb0380]\].

Previous studies have demonstrated key regulatory roles of cytokines released by monocytes/macrophages, T cells and endothelial cells, in the pathogenesis of dengue virus infection \[[@bb0165],[@bb0385]\]. The release of soluble mediators and cytokines, such as TGFβ, MCP-1, IL-6, MMPs and TNFα, predispose endothelial cells to apoptosis and endothelial damage \[[@bb0155],[@bb0390]\]. Our observations that cytokines increase in the circulation during the various phases of dengue virus illness ([Fig. 4](#f0020){ref-type="fig"}), and that TGFβ and TNFα promote NS1-induced biosynthesis of hyaluronan in dermal fibroblasts and microvascular endothelial cells ([Fig. 4](#f0020){ref-type="fig"}, b and c), emphasize their importance during dengue infection. Since fragmented hyaluronan functions as a proinflammatory danger-associated molecular pattern (DAMP) affecting TLR signaling \[[@bb0395],[@bb0400]\], NS1-mediated induction of HASs and HYALs drives the release of both fragmented hyaluronan and pro-inflammatory cytokines promoting inflammation. Our data demonstrated activation of Akt, p38, and Erk1/2 in both fibroblasts and endothelial cells, as well as of NF-B in endothelial cells, in response to NS1; however, the precise signaling pathways activated by NS1 that induces hyaluronan synthesis, remain to be elucidated.

Through interaction with TLR4 on monocytes, NS1 has been shown to trigger the release of proinflammatory cytokines promoting vascular leakage during dengue infection \[[@bb0160],[@bb0175], [@bb0180], [@bb0185], [@bb0190]\]. In addition, NS1-induced plasma leakage is associated with perturbation of endothelial glycocalyx and intercellular junctions, including adherens junctions \[[@bb0160],[@bb0265]\]. In a recent study, NS1-induced vascular leakage was shown to be independent of inflammatory cytokines but dependent on endothelial glycocalyx layer components, such as sialic acid and heparan sulfate proteoglycans \[[@bb0185],[@bb0195]\]. Both in vitro and in vivo studies have demonstrated that NS1 protein via TLR4 disrupts endothelial barrier function triggering vascular leakage \[[@bb0160],[@bb0405]\]. NS1 has been shown to promote the destruction of adherens and tight junctions \[[@bb0265]\]. The expression of CD44 promotes the assembly of junctional proteins and its abrogation leads to reduction of VE-cadherin leading to opening of intercellular gaps \[[@bb0280]\]. Our observation that the NS1-induced decreased expression of CD44 is connected with an increased endothelial permeability ([Fig. 5](#f0025){ref-type="fig"}), is consistent with this notion. We also observed that exogenously added hyaluronan potentiated NS1-mediated endothelial cell permeability, suggesting that excessive levels of hyaluronan causes occupation of CD44 expressed by the endothelium, and thus perturb normal hyaluronan-CD44 interactions, as schematically depicted in [Fig. 7](#f0035){ref-type="fig"}.Fig. 7Schematic illustration of a possible mechanism for NS1-induced increased endothelium permeability.**(a)** Under physiological conditions, balanced expression of CD44 and hyaluronan levels contribute to cell-to-cell adhesion by cross-bridging between cells and maintaince of an intact glycocalyx. **(b)** During severe dengue virus infection, the excessive levels of partly fragmented hyaluronan occupy the reduced number of CD44 receptors, thus preventing efficient cross-bridging. In addition, disruption of the glycocalyx layer may contribute to increased permeability. It should be noted that in cells in which CD44 had been knocked down, NS1 still enhanced the disruption of junctional proteins, such as VE-cadherin ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}), suggesting that perturbed hyaluronan-CD44 interactions is not the only mechanism involved in NS1-induced vascular leakage.Fig. 7

There are 4 different serotypes of dengue virus epidemics globally. In our cohort, most of the patients were infected by the type 2 serotype, and the recombinant NS1 protein we used for in vitro study was also obtained from this viral strain. Further analyses of patients infected by the different serotypes, the effect of the different NS1 proteins, and the involvement of increased levels of hyaluronan, are ongoing.

In conclusion, our data show that the dengue NS1 protein and pro-inflammatory factors stimulate hyaluronan biosynthesis and alters hyaluronan-CD44 interactions leading to disorganization of intercellular junctions and vascular leakage. Discerning the molecular mechanisms underlying the increased vascular permeability will help to formulate a strategy to prevent plasma leakage during dengue infection.

The following are the supplementary data related to this articleSupplementary video S1**Monitoring of non-NS1-treated differentiated microvascular endothelial cells by time-lapse microscopy.** Microvascular endothelial TIME cells were grown in Matrigel for 16 h, after which cells had differentiated and formed tubular structures. Video S1 show that during an additional 9 h of culture without NS1 treatment, the vessel-like structures were still intact.Supplementary video S1Supplementary video S2**Monitoring of NS1-treated differentiated microvascular endothelial cells by time-lapse microscopy.** Microvascular endothelial TIME cells were grown in Matrigel for 16 h, after which cells had differentiated and formed tubular structures. Video S2 show that during treatment with 6 μg NS1/ml for an additional 9 h, the tubular structures were impaired.Supplementary video S2Supplementary materialImage 1
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